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Abstract 
Industries were facing crucial problems on disposal of used lubricants who caused 
environmental pollution directly as well as indirectly. Also, surface quality was seen at lower 
rate using flood lubrication. The drilling process generates large energy and most of the energy 
is converted to heat. The intense heat affects the mechanical properties of the work material and 
the drill. Conventional coolants are used to control the heat and carry away the chips formed. 
The major aim of this study is to optimize the machining parameters using mustard oil as a 
MQL coolant (10ml/h mixing of oil with compressed air) and experiments were carried out with 
aluminium alloy 6082 T6 which possess high thermal conductivity. Later, Taguchi method was 
used in small number of experiments to study the parameters, using orthogonal arrays derived 
from the design of experiments theory. Process parameters were used for this study such as 
cutting tool (T), feed rate (F) and Speed (N). The performance characteristics were measured, 
which are surface roughness (S) and kerf angle (Ka). ANOVA is used to find the most 
influencing factor in drilling. In this study, results include the most contribution factor i.e., 
cutting tool which contributes 89.3% followed by feed rate of 6.73% and spindle speed 2.10 %. 
Conformation test has been carried out for improving grey relational analysis by 10.15%. In 
addition to that surface of chips were examined at machining region under scanning electron 
microscope (SEM). 
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INTRODUCTION 
Minimum quantity lubrication (MQL) is 
based on the principle that a coolant is 
mixed with air and transported in the 
direction of flow of air with variable 
pressure. In MQL machining, a fine 
amount of vegetable was selected and 
dispersed to the interface with compressed 
air. The minimization of cutting fluids also 
leads to economical benefits by way of 
saving lubricant cost and work 
piece/tool/machining cycle time as 
mentioned by N.R.Dhar (2006) [1-2]. 
Durval U. Braga and Anselmo E. Diniz 
(2001) studied the holes obtained with the 
MQL system presented either similar or 
better quality than those obtained with 
flood of abundant soluble oil. Hole’s 
roundness was the quality parameter that 
presented the highest dispersion around the 
average value, harming the attainment of a 
better quality hole. MQL provides the 
benefits mainly by reducing the cutting 
temperature, which improves the chip–tool 
interaction and maintains sharpness of the 
cutting edges and MQL jet provided 
reduced tool wear, improved tool life and 
better surface finish as compared to dry 
and wet machining of steel as mentioned 
by N.R.Dhar and M.Kamruzzaman (2005) 
[3]. E.Kuram and B.Ozcelik (2010) 
studied an increase in the spindle speed 
that decreased the thrust force value since 
under higher cutting velocities, the tool 
would cut better without ploughing, 
resulting in a drop in thrust force. Khan 
M.M.A and Dhar N.R (2006) studied 
MQL jet provides reduced tool wear, 
improves tool life and better surface finish 
as compared to dry machining of steel. 
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They concluded that MQL by vegetable oil 
reduced the cutting forces by about 5% to 
15%. Pierre Favorjon and Joel Rech 
(2015) mentioned that the optimizations 
were carried out to show the thermal 
distortion and heat transfer in drilling of 
aluminium materials under cutting 
parameters and drilling parameter. Further, 
they said that the same work will be 
extended to other cutting processes 
(Milling, Tapping etc.) [4-5]. Nihat Tosun, 
Hasim Pihtili (2009) investigated the 
optimal parameters among the all other 
setting factors using grey relational 
analysis.  
 
According to the literature study, no work 
has been done on reducing the surface 
finish and kerf angle on AA6082 in 
drilling using MQL. The major aim of this 
study is to optimize the cutting parameters. 
Moreover, aluminium plays vital role on 
many application such as aerospace, super 
conductivity materials, which can easily 
cut by non conventional or conventional 
process like drilling, milling, turning etc. 
To study the inner surface of the material 
on work part with full thickness, the 
drilling operation has been selected for this 
study. Drilling is a hole making operation, 
also, it is conventional process by which 
all the experiments were carried. 
Additionally the machined surfaces were 
exposed under SEM [6]. 
 
EXPERIMETAL WORK  
All the experiments were carried out on 
vertical machining centre. Separate setup 
had been used, through which oil 
(10ml/lre) is mixed with compressed air (2 
bar as constant parameter). Mixed 
proposition of oil and compressed air were 
applied on the area where, the tool and 
work piece were met. Mustered oil was 
used for cooling purpose; the reason why 
this coolant had been selected is that this 
coolant has high density value (925.24 
Kg/m
3
) among all other conventional 
coolant, also it possess high thermal 
conductivity. 
 
Table 1: Input process parameters and levels. 
Symbol Factors 1 2 3 
A Cutting tool (T) T1(Tungston Carbide) T2 (Titanium NitrIte ) T3 (HSS) 
B Feed rate (F) (mm/rev) 0.1 0.15 0.20 
C Spindle Speed (S) (rpm) 1000 1500 2000 
 
Selection of input parameters and levels 
The researchers were suggested that the 
following input process parameters can be 
used for machining such as cutting tool, 
feed rate and spindle speed (N.R.Dhar, 
2006, Durval U. Braga et al., 2001, Khan 
M.M.A et al., 2001). The input process 
parameters with their levels are shown in 
Table 1. The trial runs had been conducted 
to select the range of the parameters during 
preliminary machining process. Minimum 
number of experiments were performed for 
finding optimized results with three factors 
varied at three levels. 
 
Design of Experiments 
The experiments are conducted by suitable 
orthogonal array which was selected based 
on the degrees of freedoms. L9 orthogonal 
arrays is selected for experimental design 
under the greater degrees of freedom of 8 
for the orthogonal arrays, which is greater 
than the 5 degrees of freedom for the 
factor variables. The experiment design 
layout of L9 orthogonal array with 9 rows 
were selected to perform the experiments. 
Measured responses of the experiments are 
shown in Table 2. 
 
Material Selection 
The AA 6082 work material was used in 
this present study. Aluminium alloy 6082 
is a medium strength alloy with excellent 
corrosion resistance. It has the highest 
strength of the 6000 series alloys. In plate 
form, 6082 is the alloy most commonly 
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used for machining. As a relatively 
new alloy, the higher strength of 6082 has 
been seen in its replace 6061 in 
many applications. All the experiments 
were done on the work specimen as shown 
in Fig. 1.  
 
Table 2: Experimental Layout of L9 Array with response values. 
Factors 
Control factors Responses 
Grade 
Rank 
 Cutting tool Feed Rate Spindle Speed BA SR(μm) 
1 1 1 1 0.07 0.51 0.2900 8 
2 1 2 2 0.08057 0.635 0.3578 6 
3 1 3 3 0.11638 0.342 0.2292 9 
4 2 1 2 0.17009 1.211 0.6905 4 
5 2 2 3 0.59979 1.235 0.9174 1 
6 2 3 1 0.30438 1.215 0.7597 2 
7 3 1 3 0.13428 0.617 0.3756 7 
8 3 2 1 0.19695 0.802 0.4995 5 
9 3 3 2 0.16114 1.319 0.7401 3 
  
  
Figure 1: Sample after machining. 
 
Response Value Assessment 
The machining performance was assessed 
by taking surface topography and kerf 
angle as responses. Each hole took 4 
minutes to perform the operation. A 
contact type TESA RUGOSURF 90G 
device was used to measure the surface 
roughness under a room temperature in the 
range of 19°C to 20°C with a humidity of 
49.9−50 C RH. Surface roughness for all 
the samples were measured at top, middle 
and bottom of the samples and the average 
value of the samples had taken into the 
account for the surface roughness as 
shown in Table 3. TESA MICRO HITE 
3D a coordinate measuring machine was 
used to measure the kerf angle on the slot 
and the values were measured on the top 
and bottom of each samples as shown in 
Fig. 2. Two readings were taken in each 
sample and the kerf angle were expressed 
in degrees, that was  
       
      
 
     
  
                               (1) 
  
 
4 Page 1-9 © MAT Journals 2019. All Rights Reserved 
 
Journal of Mechanical and Mechanics Engineering 
e-ISSN: 2581-3722 
Volume 5 Issue 2 
 
Figure 2: Measured value. 
 
Table 3: Effects of factors on grey relational grade. 
Factors Level 1 Level 2 Level 3 max-min Rank 
Cutting tool (T) 0.7855 0.3905 0.5006 0.3950 1 
Feed rate (F) 0.6133 0.5058 0.5574 0.1074 2 
Speed (mm/rev) 0.5582 0.5329 0.5854 0.0525 3 
 
Where, θ = kerf angle (degrees),= Top kerf 
width (mm), Bk= Bottom kerf width 
(mm), L= thickness of the work piece 
(mm). 
 
Grey Relational Analysis 
In the grey relational analysis, 
experimental results were first normalized 
and then the grey relational coefficient was 
calculated from the normalized 
experimental data to express the 
relationship between the desired and actual 
experimental data. Then, the range is too 
large, or when the directions of the target 
in the sequences are different. In the study, 
a linear data pre-processing method for the 




        ( )               (
 
 
) ∑    
  
              (2) 
Where, n is the number of replications, yij 
is the observed response value, i=1, 2...n, 
j=1, 2...k and k = number of observations 
To calculate the normalized S/N ratio 
values from S/N ratios. Generally, larger 
the S/N ratio values gives the superior 
solution. The S/N ratio of each response, 
Yij is normalized as Zij (0_ Zij_ 1) by the 
following equation expressed as. 
     =         (                )
   (             )     (             )
       (3) 
The grey relational coefficient is 
calculated to convey the relationship 
between the best and the actual normalized 
experimental results from the normalized 
S/N ratio as  
 (   ( )    ( ))   
            
    ( )        
         (4) 
Where, j = 1, 2.n; k = 1, 2.m, n is the 
number of experimental data items and m 
is the number of responses.     (k) is the 
reference sequence (   (k) = 1,k = 
1,2,...m);     ( )  is the specific 
comparison sequence.       =    (k)− 
    (k) is the absolute value of the 
difference between    (k)−     (k). 
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   (k)−     (k) is the 
smallest value of     (k) 
      
   
    
     
  
   y (k)−     (k) is the 
largest value of yj(k). ξ is the 
distinguishing coefficient which is defined 
in the range 0≤ ξ ≤1. In this case, it is 
assumed that the distinguishing coefficient 
ξ is 0.5. 
The grey relational grade is calculated by 
equally weighing the grey relational 
coefficient. The grey relational grade is 
calculated by 
 ̅    
 
 
∑    
 
                                         (5) 
Where,  ̅     grey relational grade for 
the     experiment and k = number of 
responses. Higher the grey value indicates 
the excellent multi performance values. 
The optimal levels and the effects of factor 
are determined based on the grade values. 
The predicted S/N ratio can be calculated 
using the formula 
  ̅        ∑ (
 
    ̅  –    )                   (6) 
Where,     = mean grey relational grade, 
  ̅  = grade at optimal level and f = number 
of factor. The analysis of variance 
(ANOVA) is applied to check the 
significance of the process parameters 
which affect the performance 
characteristics. The percentage 
contribution of each parameter is 
determined from it. 
 
RESULT AND DISCUSSIONS 
The grade values are obtained to 
optimize the input parameters setting 
and rank is assigned to the each 
experiment based on grade values as 
shown in Table 2. In this study, the 
experiment no 5 is the highest grade 
value among all other experiments. 
Hence, the input parameters (Cutting 
speed: A2, Feed rate: B2, Spindle speed: 
C3) were clearly identified through 
optimal parameters for the cutting 
performance analysis on surface 
roughness and kerf angle. Table 3 shows 
the average value for each level and 
each factor. The grey relational grade 
ranks were identified by differentiating 
the maximum and minimum values of 
the grade valve. 
 
Table 4: Percentage of contribution. 
Factor SS Dof MS F % Contribution 
A 0.2493 2 0.1246 56.4971 90.5995 
B 0.0173 2 0.0087 3.9250 6.2941 
C 0.0041 2 0.0021 0.9371 1.5028 
Error 0.0044 2 0.0022 
 
1.6036 




The maximum value of the average grey 
relational grade determines the optimal 
parameters. The optimal level parameters 
were obtained from Table 3 which 
indicated that Tool 1 (1
st
 level), low feed 
rate (1
st
 level) and high cutting speed (3
rd 
level). The optimal factors were identified 
with levels are A1B1C3 respectively and 
optimal values are the Tool 1(Tungsten 
carbide), feed rate of 0.10mm/rev and 
spindle speed of 2000 rpm respectively. 
Table 4 shows that percentage of 
contribution of the factors. The optimal 
parameter results reveal that high cutting 
speed plays major role to analyse the multi 
performance of drilling in surface 
roughness and kerf angle on AA 6082. The 
combination of optimal parameters such as 
tungsten carbide, low feed rate and high 
cutting speed have provided good surface 
finish. Holes made with this combination 
gives better quality with MQL coolant. 
The optimal parameters were identified by 
setting the pressure range of 2bar which 
contributed significant role to identify the 
responses. Increasing of pressure is 
resulting the poor chip formation and 
roughness. At low feed rate, the machining 
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time get increased and also between tool 
flute and machining point had taken 
sufficient time to provide lower kerf angle. 
When the feed rate gets increased, further 
it results in lowering the surface 
roughness.
 
SURFACE ASSESSMENT OF CHIP 
 
Figure 3: SEM image of Lower RA of chip for Hole no 3. 
 
Surface assessment was made for lower 
value of surface roughness of the Hole 
no. 3 by Scanning Electron Microscope 
(SEM). Fig. 3 clearly identified that 
contact made between chip and tool were 
given regularities of the chip surface. It 
leads to perform good surface roughness 
of the hole with continuous chips. Hole 
no. 3 was made with high speed of 
2000rpm, high feed of 0.2mm/rev with 
tungsten carbide. Chip morphology was 
improved and increasing of speed and 
feed with tool no.1, while tool wear of 
the drill bit is decreased. MQL coolant 
which plays great role for good 
responses with pressure 2bar. Increasing 
of pressure of air led high kerf angle of 
the hole so that 2bar pressure was taken 
into an account after trail runs was 
performed with same pressure.
 
 
Figure 4: Chip image of Lower RA of Hole no. 3. 
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During machining, chips were formed 
which had been collected frequently once 
when an experiment was done. Chips are 
classified into Initial stage and middle 
stage of machining as shown in Fig. 4. 
Initial stage of the machining, the chips are 
formed discontinuously while continuous 
chips were formed at middle stage of 
machining till end of the hole in hole no 3 
by high speed of 2000rpm, high feed rate 
of 0.2mm/rev with tungsten carbide. 
Middle stage of the machining, speed and 
feed rate were giving continuous chips by 
application of mustard oil as MQL. 
Sometimes, difficult to machine materials 
are being machined good quality of 
roughness of the work piece with 
discontinuous chips. Since, aluminium is a 
light weight materials which is being 
machined with good surface only produce 
by continuous chips suggested by Joel 
Rech (2015). 
 
Figure 5: SEM image of Higher RA of chip for Hole no 9. 
 
Irregularities of chip surface assessment 
was clearly captured in drilling operation 
of hole no. 9 which was given poor surface 
finish of the work piece. Image of the chip 
was captured using Scanning Electron 
Microscope (SEM), shown in Fig. 5. Chips 
of hole no. 9 shows that high irregularities 
in chip surface due to medium speed of 
1500rpm, high feed of 0.20 mm/rev with 
high speed steel. During machining, the 
spindle rotates at medium speed due to that 
surface alignment was noted as poor while 
feed rate was kept higher with mustard oil 
as MQL also it provides discontinuous 
chips. When chips are started to come out 
from the work piece which moves on the 
flute of the drill bit and contact made 
between chip and flute of drill bit was not 
efficient so that surface of the chips were 
formed irregularities and it leads poor 
surface finish value of 1.39microns with 
kerf value of 0.16114 degree.
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Figure 6: Chip image of Higher RA of Hole no 9. 
 
Initial stage and middle stage of machining 
was captured during 9
th
 hole of drilling 
operation shown in Fig. 6. During initial 
stage of machining, the chip of the work 
piece was given discontinuous chips up to 
3mm of the depth of the work piece due to 
medium speed and high feed rate which 
influenced on surface roughness of the 
work piece to get higher value. After 3mm 
of depth of the hole was started to form the 
continuous chips only small amount in 
middle stage of machining so clearly we 
noticed that high feed rate of machining 
played major role on both maximum and 
minimum value of the roughness. 
 
CONCLUSION 
The multi response optimization was done 
on AA 6082 T6 in drilling operation in 
MQL for the response variables namely 
surface roughness and kerf angle. The 
results are concluded as follows. 
 The most significant factor was cutting 
tool (Tungston carbide) with MQL 
coolant 2bar which influenced the 
surface roughness and kerf angle, also, 
the effect of feed rate is considerable. 
 The machining performance is 
optimized for minimizing the surface 
roughness and kerf angle by levelling 
the parameters of Tool no. 1 (Tungsten 
Carbide), feed rate of 0.1mm/rev and 
speed of 2000rpm. 
 Also, the pressure of air 2bar has given 
good significant effect for minimizing 
the responses. 
 ANOVA results show that cutting tool 
contributes 90.5995% followed by feed 
rate of 6.2941% and speed of 1.5028%. 
 Additionally, the surface assessment 
was studied clearly for minimum and 
maximum value of surface roughness 
by SEM. We clearly noticed that Hole 
3 was given lower surface value with 
good regularities of the chip surface in 
SEM image shown in Fig.5 by keeping 
high speed of 2000rpm, high feed of 
0.2mm/rev and tungsten carbide tool. 
 High speed and feed rate has given 
good quality chip surface of the hole 
through which the conclusion is made 
that regularities of the chip surface can 
give the good quality of the hole 
surface with suitable coolant as an 
MQL supply.  
 Also, we noticed that surface 
assessment of chip at hole no 9 was 
given poor quality of the chip surface 
due to medium speed of 1500rpm and 
high feed of 0.2mm/rev with HSS tool. 
According to both the surface study, 
the high speed of 2000rpm was playing 
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vital role on increasing the surface 
quality of hole while medium speed of 
1500rpm ensures the poor surface 
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